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1
PROGRAMMABLE III-NITRIDE
TRANSISTOR WITH ALUMINUM-DOPED
GATE

The present application claims the benefit of and priority to
a provisional application entitled “Programmable III-Nitride
Transistor with Aluminum-Doped Gate,” Ser. No. 61/340,
802 filed on Mar. 22, 2010. The disclosure in that provisional
application is hereby incorporated fully by reference into the
present application.

DEFINITION

In the present application, “group III-V semiconductor” or
the like refers to a compound semiconductor that includes at
least one group 111 element and at least one group V element,
such as, but not limited to, gallium nitride (GaN), gallium
arsenide (GaAs), aluminum gallium arsenide (AlGaAs),
indium gallium nitride (InGaN) and the like. Analogously,
“III-nitride semiconductor” or the like refers to a compound
semiconductor that includes nitrogen and at least one group
I1I element, such as, but not limited to, GaN, AlGaN, InN,
AIN, InGaN, InAlGaN and the like.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates generally to semiconductors,
and more particularly to transistors and devices based on
II-nitride semiconductors.

2. Background Art

Devices based on I1I-nitride heterojunction structures typi-
cally operate using piezoelectric polarization fields to gener-
ate a two dimensional electron gas (2DEG) that allows for
high current densities with low resistive losses. The 2DEG is
formed by an interface of I1I-nitride materials and, due to the
2DEG, conventional III-nitride heterojunction devices may
conduct without the application of a gate potential. Thus,
devices that are formed using I1I-nitride heterojunction struc-
tures tend to be nominally ON, or depletion mode devices.

III-nitride heterojunction devices are desirable for power
applications due to relatively high breakdown voltage, high
current density, and low “on resistance.”” However, the nomi-
nally ON nature of conventional III-nitride heterojunction
devices can introduce problems when used in power applica-
tions. For example, in power applications it is desirable to
avoid conducting current through III-nitride heterojunction
devices before control circuitry is fully powered and opera-
tional. Accordingly, it would be desirable to provide III-ni-
tride heterojunction devices that are nominally OFF, or
enhancement mode to, for example, avoid current conduction
problems during start-up and other modes.

SUMMARY OF THE INVENTION

The present application is directed to a programmable I1I-
nitride transistor with aluminum-doped gate, substantially as
shown in and/or described in connection with at least one of
the figures, as set forth more completely in the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1a illustrates a cross-sectional view corresponding to
an initial structure used in forming the exemplary II-nitride
heterojunction device in FIG. 15.
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FIG. 15 illustrates a cross-sectional view of an exemplary
III-nitride heterojunction device in accordance with one
embodiment of the present invention.

FIG. 2 illustrates a cross-sectional view of a portion of a
II-nitride heterojunction device including an exemplary
modification in accordance with one embodiment of the
present invention.

FIG. 3 illustrates a cross-sectional view of a portion of a
II-nitride heterojunction device including an exemplary
modification in accordance with one embodiment of the
present invention.

FIG. 4 illustrates a cross-sectional view of a portion of a
II-nitride heterojunction device including an exemplary
modification in accordance with one embodiment of the
present invention.

DETAILED DESCRIPTION OF THE INVENTION

The present invention is directed to IlI-nitride devices,
particularly enhancement mode III-nitride devices, including
modification to alter formation of 2DEG (two dimensional
electron gas). Modifications based on aluminum introduc-
tion, for example by doping or other methods, are of notable
interest in the present invention. The following description
contains specific information pertaining to the implementa-
tion of the present invention. One skilled in the art will rec-
ognize that the present invention may be implemented in a
manner different from that specifically discussed in the
present application. Moreover, some of the specific details of
the invention are not discussed in order not to obscure the
invention.

The drawings in the present application and their accom-
panying detailed description are directed to merely exem-
plary embodiments of the invention. To maintain brevity,
other embodiments of the present invention are not specifi-
cally described in the present application and are not specifi-
cally illustrated by the present drawings. While GaN and
AlGaN materials are specifically referred to in this applica-
tion, different materials can be used such that an interface
between the materials can form a conductive channel includ-
ing 2DEG. Furthermore, while two Ill-nitride materials and
layers are described, it will be appreciated that additional
materials and layers can be included without departing from
the scope of the present invention.

FIG. 1a shows a cross-sectional view corresponding to an
initial structure, illustrated as structure 100, used in forming
the exemplary Ill-nitride heterojunction device in FIG. 15.
Structure 100 includes Substrate 102, I1I-nitride material 104,
and III-nitride material 106. In some embodiments, I1I-nitride
material 104 can comprise, for example, undoped GaN and
III-nitride material 106, can comprise, for example, undoped
AlGaN to form a high electron mobility transistor (HEMT).
In other embodiments the I1I-nitride materials can be doped,
for example, Ill-nitride material 104 can comprise P-type
GaN to form an N-channel GaN field effect transistor (FET).

Substrate 102 can comprise an insulating substrate, but can
be highly resistive, and can comprise materials such as silicon
carbide, silicon, sapphire, and other suitable substrate mate-
rials. In FIG. 1a, 1lI-nitride material 104 is disposed over
Substrate 102 and III-nitride material 106 is disposed on
III-nitride material 104 forming a III-nitride heterojunction.
III-nitride material 104 has a different in-plane lattice con-
stant than III-nitride material 106 such that a conductive
channel with 2DEG can form at the interface of IlI-nitride
material 104 and III-nitride material 106.

Also shown in FIG. 1a, contacts 108 and 110 are formed on
III-nitride material 106 and can comprise, for example, ohmic
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contacts. Thus, structure 100 can be configured such that
current can flow between contacts 108 and 110 in the con-
ductive channel with 2DEG. Furthermore, contacts 108 and
110 can comprise connections for source and drain terminals
in the resulting III-nitride heterojunction device.

FIG. 15 shows a cross-sectional view of an exemplary
III-nitride heterojunction device in accordance with one
embodiment of the present invention illustrated as III-nitride
heterojunction device 150. A device according to the present
invention includes a modification to alter formation of 2DEG
thereby programming the threshold voltage of the III-nitride
heterojunction device. In particular embodiments, the modi-
fication can alter the density of 2DEG, whereby the device
can be rendered nominally OFF, i.e. the 2DEG is interrupted.

FIG. 15 shows modification 160, which alters formation of
2DEG in IlI-nitride heterojunction device 150. In [I-nitride
heterojunction device 150, modification 160 comprises a
negatively charged gate contact insulator 112, which includes
aluminum, disposed under gate contact 140. Contact insula-
tor 112 includes aluminum to generate negative charges to
alter or interrupt formation of 2DEG in I1I-nitride heterojunc-
tion device 150. Thus, the negative electrical charge in gate
contact insulator 112 can interact with electrons in the 2DEG
to alter formation of 2DEG.

In the embodiment shown in FIG. 15, contact insulator 112
includes aluminum introduced by doping, implanting, or
other means, such as concurrent growth of aluminum as part
of'formation of the gate contact insulator, to negatively charge
the contact insulator for interrupting the 2DEG thereunder,
thereby interrupting the current carrying channel in III-nitride
heterojunction device 150. In an inactive state, III-nitride
heterojunction device 150 does not conduct current between
contacts 108 and 110 because the current carrying channel
with 2DEG is interrupted underneath gate contact 140. Con-
tact 140 can comprise, for example, a conductive gate contact
and contact insulator 112 can comprise a gate insulator. Thus,
III-nitride heterojunction device 150 can be operable to carry
current between contacts 108 and 110 by applying electric
potential to contact 140 to reestablish interrupted 2DEG and
to provide a current carrying channel between contacts 108
and 110. As such, III-nitride heterojunction device 150 can
operate as an enhancement mode, or normally OFF device.

In some embodiments, contact insulator 112 can be formed
by providing an insulator and doping or implanting the insu-
lator with aluminum to provide negative charge in contact
insulator 112. For example, a Silicon Nitride (SiN) insulator
can be diffused with or implanted with aluminum to provide
negative charges in contact insulator 112. In particular
embodiments contact insulator 112 can comprise a composi-
tion of AL Si N, (also referred to herein as “AlISiN”). In other
embodiments contact insulator 112 can comprise a com-
pound concurrently grown with aluminum to provide nega-
tive charges in therein. For example, an A1SiN compound can
be formed over IlI-nitride material 106.

Also in [II-nitride heterojunction device 150, contact insu-
lator 112 can include aluminum to program the threshold
voltage of III-nitride heterojunction device 150. For example,
the negative charge in contact insulator 112 can be adjusted
by altering the composition of contact insulator 112. For
example, in [II-nitride heterojunction device 150, increasing
negative charge in contact insulator 112 can increase its repul-
sive force to alter 2DEG. As such, increasing the negative
charge in contact insulator 112 can increase threshold voltage
such that increased electric potential must be applied to con-
tact 140 to reestablish interrupted 2DEG and to provide a
current carrying channel between contacts 108. Thus, select-
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ing the composition of contact insulator 112 can program or
set the threshold voltage of [II-nitride heterojunction device
150.

It will be appreciated that structure 100 in FIG. 1a does not
limit the formation of III-nitride heterojunction device 150.
For example, in some embodiments, contacts 108 and 110 can
be formed subsequent to modification 160. Also, while I1I-
nitride heterojunction device 150 comprises an enhancement
mode, or normally OFF device, in other embodiments contact
insulator 112 can alter 2DEG formation to program or set
threshold voltage in depletion mode devices.

Furthermore, while modification 160 as described above
includes a contact insulator under a contact and over one of
the III-nitride materials, in other embodiments, additional
elements can cooperate to alter formation of 2DEG. Other
embodiments can comprise, for example, a recess, an ion
implanted region, a diffused region, an oxidation region, and/
or a nitridation region. Furthermore, the additional elements
can be combined in a [II-nitride heterojunction device. It will
be appreciated that the additional elements can be formed in
additional materials or structures.

Referring now to FIG. 2, FIG. 2 shows a cross-sectional
view of a portion of a III-nitride heterojunction device includ-
ing an exemplary modification illustrated as modification
260. Modification 260 can correspond to modification 160 in
FIG. 15. In FIG. 2, I1I-nitride material 204, I1I-nitride mate-
rial 206, contact insulator 212, and contact 240, which can
correspond to nitride material 104, I1I-nitride material 106,
contact insulator 112, and contact 140 in FIG. 15.

As shown in FIG. 2, modification 260 includes contact
insulator 212 formed over recess 230. Recess 230 is formed in
III-nitride material 206 under contact 240 and can alter for-
mation of 2DEG under gate contact 240. Furthermore, recess
230 permits contact 240 and contact insulator 212 to be dis-
posed closer to the 2DEG and the interface of Ill-nitride
material 206 and IIl-nitride material 204. In modification
260, recess 230 and contact insulator 212 cooperate to alter
formation of 2DEG. Thus, in modification 260, contact insu-
lator 212 can require less charge to program threshold voltage
and interrupt 2DEG formation relative to contact insulator
112 in FIG. 15

Recess 230 can be formed, for example, by disposing pho-
toresist over [II-nitride material 206 and forming openings
with sloped sidewalls in the photoresist to permit an etching
step to transfer sloped geometry to Ill-nitride material 206.
While recess 230 includes sloping sidewalls, in will be appre-
ciated that recess 230 can comprise other geometries.

Referring now to FIG. 3, a cross-sectional view of'a portion
of'a IlI-nitride heterojunction device including an exemplary
modification illustrated as modification 360 is shown. Modi-
fication 360 can correspond to modification 160 in F1IG. 15.In
FIG. 3, I1I-nitride material 304, III-nitride material 306, con-
tact insulator 312, and contact 340, which can correspond to
nitride material 104, I1I-nitride material 106, contact insula-
tor 112, and contact 140 in FIG. 15.

As shown in FIG. 3, modification 360 includes contact
insulator 312 formed over region 370. Region 370 is formed
in IIl-nitride material 306 under contact 340 and can alter
formation of 2DEG under gate contact 340. In modification
360, region 370 and contact insulator 312 cooperate to alter
formation of 2DEG.

In some embodiments region 370 can comprise an
implanted region including lattice damage, which can disrupt
the bond structure and 2DEG thereunder. In other embodi-
ments, region 370 can comprise a region oxidized, nitridized,
or diffused with dopants. Also, as described above, modifi-
cation 360 can comprise additional elements, such as a recess
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similar to recess 230 and/or multiple regions similar to region
370. While in FIG. 3 region 370 is formed in II-nitride
material 306, in other embodiments region 370 can be formed
in I1I-nitride material 304 or in other materials. Furthermore,
in some embodiments region 370 can overlap materials, for
example, [II-nitride materials 306 and 304. Thus, in modifi-
cation 360, contact insulator 312 can require less charge to
program threshold voltage and interrupt 2DEG formation
relative to contact insulator 112 in FIG. 1.

Referring now to FIG. 4, a cross-sectional view of a portion
of'a IlI-nitride heterojunction device including an exemplary
modification illustrated as modification 460 is shown. In FIG.
4, II-nitride material 404, III-nitride material 406, contact
insulator 412, and contact 440, which can correspond to
nitride material 104, III-nitride material 106, contact insula-
tor 112, and contact 140 in FIG. 15.

As shown in FIG. 4, modification 460 includes contact
insulator 412 formed over region 480. Region 480 is formed
in III-nitride material 404 under contact 340 and can alter
formation of 2DEG under gate contact 340. In other embodi-
ments region 480 can be formed in [1I-nitride material 406 or
overlapping [1I-nitride materials 404 and 406. In modification
460, region 480 and contact insulator 412 cooperate to alter
formation of 2DEG. Thus, in modification 460, contact insu-
lator 412 can require less charge to program threshold voltage
and interrupt 2DEG formation relative to contact insulator
112 in FIG. 15

Region 480 can comprise, for example, a region doped
with p type dopants. Standard implantation and annealing
steps can be used to form region 480 through IIl-nitride
material 406. In some embodiments region 480 can be formed
in [1I-nitride material 404, and subsequently covered by a
layer of GaN, followed by AlGaN. P type dopants used for
forming region 480 can comprise, for example, Fl, Mg, Fe,
Cr, or Zn although other dopants can be used.

In the embodiments in FIGS. 15 and 2 through 4, a modi-
fication is provided to alter formation of 2DEG in the con-
duction channel of a Il-nitride heterojunction device. The
modification can program the threshold voltage of the device
and can alter formation of 2DEG in the conduction channel to
interrupt the 2DEG to obtain a nominally OFF device, rather
than a nominally ON device. Accordingly, the present inven-
tion can provide for enhancement mode II-nitride hetero-
junction devices that can, for example, be used in power
applications without being compensated during start-up to
avoid conducting current while control circuitry is powering
up. Moreover, the invention provides for programming, i.e.
adjusting, the threshold voltage of a resulting enhancement
mode device (or even programming the threshold voltage of a
depletion mode device).

From the above description of the invention it is manifest
that various techniques can be used for implementing the
concepts of the present invention without departing from its
scope. Moreover, while the invention has been described with
specific reference to certain embodiments, a person of ordi-
nary skill in the art would appreciate that changes can be
made in form and detail without departing from the spirit and
the scope of the invention. Thus, the described embodiments
are to be considered in all respects as illustrative and not
restrictive. It should also be understood that the invention is
not limited to the particular embodiments described herein
but is capable of many rearrangements, modifications, and
substitutions without departing from the scope of the inven-
tion.
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The invention claimed is:

1. A II-nitride heterojunction device comprising:

a conduction channel including a two dimensional electron
gas formed in a first [1I-nitride material at an interface
between said first 1II-nitride material and a second III-
nitride material;

first and second ohmic contacts configured to conduct cur-
rent through said conduction channel without directly
contacting said first [1I-nitride material;

a modification including a contact insulator disposed over
said conduction channel, said contact insulator diffused
or implanted with aluminum to charge said contact insu-
lator to form a negatively charged contact insulator, said
charge altering formation of said two dimensional elec-
tron gas at said interface.

2. The III-nitride heterojunction device of claim 1, wherein

said contact insulator comprises AISiN.

3. The III-nitride heterojunction device of claim 2, wherein
said contact insulator is grown as a compound.

4. The III-nitride heterojunction device of claim 1, wherein
said contact insulator comprises SiN doped with aluminum.

5. The I1I-nitride heterojunction device of claim 1, wherein
said modification programs a threshold voltage of said Ill-
nitride heterojunction device.

6. The III-nitride heterojunction device of claim 1, wherein
said modification alters formation of said two dimensional
electron gas to interrupt said conduction channel.

7. The I1I-nitride heterojunction device of claim 1, wherein
said modification further includes a recess.

8. The III-nitride heterojunction device of claim 1, wherein
said modification further includes an ion implanted region.

9. The III-nitride heterojunction device of claim 1, wherein
said modification further includes a diffused region.

10. The Il-nitride heterojunction device of claim 1,
wherein said modification further includes an oxidation
region.

11. The Ill-nitride heterojunction device of claim 1,
wherein said modification further includes a nitridation
region.

12. The Ill-nitride heterojunction device of claim 1,
wherein said contact insulator is a gate insulator formed under
a gate contact.

13. The Ill-nitride heterojunction device of claim 1,
wherein said first [II-nitride material comprises GaN and said
second III-nitride material comprises AlGaN.

14. The Ill-nitride heterojunction device of claim 1,
wherein said [ll-nitride heterojunction device is an N-channel
GaN FET.

15. An enhancement mode Ill-nitride heterojunction
device comprising:

a conduction channel including a two dimensional electron
gas formed in a first [1I-nitride material at an interface
between said first 1II-nitride material and a second III-
nitride material;

first and second ohmic contacts configured to conduct cur-
rent through said conduction channel without directly
contacting said first [1I-nitride material;

a modification interrupting said conduction channel, said
modification including a gate insulator disposed over
said conduction channel, said gate insulator diffused or
implanted with aluminum to charge said gate insulator
to form a negatively charged gate insulator, said charge
altering formation of said two dimensional electron gas
at said interface.

16. The enhancement mode Ill-nitride heterojunction

device of claim 15, wherein said gate insulator comprises
AISiN.
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17. The enhancement mode Ill-nitride heterojunction
device of claim 16, wherein said gate insulator is grown as a
compound.

18. The enhancement mode Ill-nitride heterojunction
device of claim 15, wherein said gate insulator comprises SiN 5
doped with aluminum.

19. The enhancement mode Ill-nitride heterojunction
device of claim 15, wherein said modification programs the
threshold voltage of said Ill-nitride heterojunction device.

20. The enhancement mode Ill-nitride heterojunction 10
device of claim 15, wherein said first III-nitride material
comprises GaN and said second IlI-nitride material com-
prises AlGaN.



